1. Introduction {#sec1-1}
===============

Obesity is characterized by excessive body fat mass, which is mostly stored in white adipose tissues in an organism \[[@r1]--[@r3]\]. The accumulation of fat, particularly in the visceral adipose tissues, may enhance the risk of diabetes and cardiovascular complications \[[@r4]--[@r12]\]. Recently, the increased amount of epicardial adipose tissue, one of the visceral fat depots, has been recognized as a mediator for obesity-related cardiac complications. Patients with increased thickness and volume of epicardial adipose tissues have increased severity of coronary atherosclerosis and risk of future coronary artery disease (CAD) \[[@r13]--[@r17]\]. In this context, it is of interest to examine whether the geometric properties of epicardial adipocytes are associated with any pathophysiological significance.

In order to obtain the histological information of adipocytes, researchers have traditionally used bright-field microscopy to inspect the sectioned adipose tissues with fixation and staining. However, sectioning and staining of tissue specimens have some disadvantages like elaborative slide preparation, shape distortion of tissue integrity, and incomplete cellular volume. Besides, the dimensions of human adipocytes are generally in the range of 60-100 µm, which is much larger than the thickness of tissue sections (5-10 µm). Therefore, adipocytes on a slide might not be displayed at their largest cross-sectional area \[[@r17]\]. Consequently, information like size distribution cannot be assessed precisely. To quickly acquire sectioning microscopic images without destroying the structures of intact tissues, investigators often adopt optical tomographic tools like optical coherence tomography (OCT) or confocal laser scanning microscopy. The OCT images typically have deep (2-3 mm) imaging depth with 5-10 μm transverse resolution. The observation of adipose tissues with OCT can roughly display the honeycomb textures on the vertical cross section of biological tissues \[[@r18]--[@r21]\]. However, the boundaries are vague for small-sized adipocytes stacked among large ones due to limited resolution and contrast. With the help of fluorescence confocal microscopy, three-dimensional (3D) resolution of adipocyte images can be greatly improved \[[@r22]\]. Multiphoton nonlinear microscopy can achieve deeper imaging depth, while maintaining high 3D resolution \[[@r23],[@r24]\]. Adipocytes with dimensions smaller than 20 µm can thus be clearly visualized. With these advanced microscopy techniques \[[@r18]--[@r24]\], we can characterize the 3D morphology of adipocytes without labeling.

Among all label-free optical tomography techniques, third harmonic generation (THG) microscopy can achieve better contrast and transverse resolution (\~500 nm) \[[@r25]\] than OCT. Excited by 1230 nm infrared femtosecond laser, THG microscopy has greater imaging depth (\~1 mm \[[@r26]\]) than single-photon fluorescence confocal microscopy. The cellular morphologies and subcellular vesicles of embryonic stem cells \[[@r26]\], apoptoic cells \[[@r27]\], somite cells \[[@r28]\], and leukocytes \[[@r29]\] can be clearly observed and real-time tracked with THG microscopy *in vivo*. Compared with two-photon fluorescence microscopy using a Ti:sapphire laser, THG microscopy has less on-focus damage and has been applied in clinical studies for deep tissue and blood cell imaging \[[@r25],[@r30]--[@r32]\]. Given these advantages, we herein utilized THG microscopy to directly examine morphologic features of adipocytes in epicardial adipose tissues with submicron 3D spatial resolution. Boundaries and nuclei of adipocytes can be clearly displayed even for small-sized adipocytes. In this preliminary investigation, we, for the first time, found that the size variation of epicardial adipocytes was relatively small in patients with no cardiovascular risk factors undergoing valve surgery, whereas a scattered distribution of adipocyte sizes was noted in patients with CAD undergoing bypass surgery.

2. Materials and methods {#sec1-2}
========================

2.1. Collection and preparation of adipose tissues for third harmonic generation microscopy {#sec2-1}
-------------------------------------------------------------------------------------------

All adipose tissues were obtained from patients undergoing elective cardiac surgery who were enrolled in the research project of National Taiwan University Hospital (Research Ethics Committee of National Taiwan University Hospital: 200812090R). Patients with CAD underwent coronary bypass grafting, whereas patients with no cardiovascular risk factors or DM underwent valve replacement surgery. Both mediastinal and epicardial adipose tissues were excised from the outer surface of the pericardium and the surface of right ventricular free wall, respectively. After removal of visible vessels and fibrous tissue, these adipose tissues were rinsed with phosphate-buffered saline, cut to the appropriate size (2 × 2 mm), and placed directly on slides for THG microscopic examination. The slide has a holding well with 0.3 mm in depth to reduce the stress the cover slip exerted on the tissues and to avoid crushing the structures of samples.

2.2. Oil red O and DAPI staining {#sec2-2}
--------------------------------

To assess the histological features of adipose tissues, Oil Red O and DAPI were used to stain the lipid droplets and nuclei of adipocytes in tissue sections, respectively. Excised adipose tissues were first rinsed with phosphate-buffered saline and then fixed with 4% formaldehyde (Sigma F8775) for 30 min. After sectioning, the tissue sample was treated with 0.1% triton X-100 in phosphate-buffered saline for 5 min and then incubated with Oil Red O solution (Sigma O0625, Sigma 134368) for 3 hours. Finally, it was incubated with DAPI (Sigma B2883) for 30 min.

2.3. Harmonic generation microscopy system for THG microscopy {#sec2-3}
-------------------------------------------------------------

A harmonic generation microscope was used to obtain the THG (\~410 nm) images of adipose tissues. The microscope system includes a femtosecond Cr:forsterite laser (λ = 1230 nm), a scanning unit (FV300, Olympus), an upright optical microscope, a 2D translation stage, photomultiplier tubes (PMTs), a data acquisition card, and imaging reconstruction software. The femtosecond laser typically has 500 mW output power, a pulse repetition rate of 110 MHz, a bandwidth of 38 nm, and a 100 fs pulse width. The laser beam was two-dimensionally scanned by a pair of galvanometer mirrors. Passing the 665-nm-edged dichroic beam splitter, the scanned laser beam was focused by a water immersion NA = 1.0 objective (HCX APO L 20 × 1.00W, Leica, Germany) onto prepared adipose tissues mounted with slides. The power level after the objective was 70 mW, which is well below the damage threshold of human skin \[[@r30],[@r31]\]. Other than THG, second harmonic generation (SHG) signals were generated from collagens. These nonlinear optical signals were epicollected by the same objective, reflected by a 665-nm-edged dichroic beam splitter, further separated by 490-nm-edged dichroic beam splitter, passed the corresponding bandpass filters, and detected separately by two PMTs. The 1024 × 1024 pixel images were sampled by a data acquisition card and reconstructed by image acquisition software. The image frame rate was 3 Hz and three frames were taken for improving signal to noise ratio. The corresponding pixel dwell time was 320 ns. All the samples were imaged at room temperature.

3. Results {#sec1-3}
==========

3.1. Single-photon fluorescence and THG tomography of adipose tissues {#sec2-4}
---------------------------------------------------------------------

To establish a preliminary understanding on the morphology of adipocytes in fat tissues, we observed cryosectioned mediastinal and epicardial adipose tissues under an inverted fluorescence microscope (Axiovert 100TV, Zeiss). Staining with DAPI and Oil Red O was performed to show the distribution of nuclei and lipid droplets in adipocytes, respectively. The excitation wavelength was 365 nm for DAPI and 546 nm for Oil Red O. Under differential interference contrast (DIC) microscopy \[[Fig. 1(a)](#g001){ref-type="fig"} Fig. 1(a) Differential interference contrast, (b) DAPI staining, and (c) Oil Red O staining images of mediastinal adipose tissue from a patient undergoing cardiac surgery. (d) A superimposition image of (a)-(c). (e) Combined SHG (green) and THG (magenta) images of adipose tissues. The yellow contour represents the boundary of the adipocyte at its largest cross-section. Fields of view: (a)-(d) 445 × 344 µm. (e) 240 × 240 µm. Laser pixel dwell time in (e) was 320 ns.\], we could see elongated ellipsoids of adipocytes compactly stacked together. Their nuclei were displaced to the periphery of the cells \[[Figs. 1(b)](#g001){ref-type="fig"}, blue\], and lipid droplets occupied most volume of adipocytes \[[Figs. 1(c)](#g001){ref-type="fig"} and [1(d)](#g001){ref-type="fig"}, red\]. We then used the harmonic generation microscopy system to observe the morphological features of epicardial adipocytes.

Typically, THG tomography can reveal the boundaries of adipocytes \[[Fig. 1(e)](#g001){ref-type="fig"}, magenta\]. Their morphologies and sizes were similar to those observed by DIC microscopy. At the periphery of adipocytes, displaced nuclei and cytoplasm have different refractive indices from lipid droplets, which resulted in bright THG contrast. When adipocytes were imaged at their top boundary, normal incidence gave rise to strong interfacial THG in round shapes \[[Fig. 1(e)](#g001){ref-type="fig"}, left\]. In the vicinity of large adipocytes, there were some granular objects (dimension \<5 µm), which might be oil droplets secreted from adipocytes. We did not include them in the following analyses of adipocyte morphologies. On the other hand, SHG contrast can reveal the lining of connective collagens \[[Fig. 1(e)](#g001){ref-type="fig"}, green\], which reflects the integrity of biopsied tissues. Theoretically, the axial resolution (sectioning thickness) of THG at 1230 nm is well below 1 µm. Due to tissue aberration and scattering induced wavefront distortion, the axial resolution could be degraded to around 1 µm \[[@r24]\]. To avoid loss of information and to consider the resolution limits, we set axial distance intervals of 1 µm between sectioning images in THG tomography. The penetration depths of THG imaging on adipose tissues were typically more than 200 µm ([Fig. 2](#g002){ref-type="fig"} Fig. 2A THG tomography of adipose tissues at different z-axial distances. The imaging depth of (a) was 80 µm away from the top of tissues. Each section plane was separated by 30 μm in axial distance. Fields of view: 720 × 720 µm. Laser pixel dwell times were 320 ns.), which is deep enough to include one to two layers of adipocytes, even for large adipocytes with dimensions of around 100-160 µm. Regarding the image quality, at the imaging depth of 200 µm, the membrane structures of adipocytes could still be seen clearly \[[Fig. 2(e)](#g002){ref-type="fig"}\].

3.2. Morphology of adipocytes in patients with no cardiovascular risk factors and with CAD {#sec2-5}
------------------------------------------------------------------------------------------

[Figure 3](#g003){ref-type="fig"} Fig. 3THG images of adipocytes in epicardial adipose tissue (on the surface of right ventricular free wall) from patients with (a) no cardiovascular risk factors and (b) with CAD. Fields of view: 720 × 720 µm. Laser pixel dwell times were 320 ns. shows typical THG sectioning images of adipocytes in epicardial adipose tissues obtained from patients with no cardiovascular risk factors \[[Fig. 3(a)](#g003){ref-type="fig"}\] and with CAD \[[Fig. 3(b)](#g003){ref-type="fig"}\]. In tissues of patients with no risk factors, adipocytes looked like well-packed bubbles and had relatively small size variation with dimensions around 70-90 µm. On the contrary, adipocytes in tissues from CAD patients had scattered size distribution \[[Fig. 3(b)](#g003){ref-type="fig"}\]. Both large- (dimension \>120 µm) and small-sized (dimension \<40 µm) adipocytes could be seen in the tissues.

3.3. Quantitative measures of adipocytes {#sec2-6}
----------------------------------------

From sectioning THG images, we measured quantitative parameters at the plane with the largest cross-sectional area for each individual adipocyte. As shown in [Fig. 1(e)](#g001){ref-type="fig"}, for the cell to be analyzed, we drew a line along the boundary contour of an adipocyte to measure the corresponding perimeter and enclosed area. To describe the dimension of elliptical adipocytes, we calculated area-equivalent circular diameters (AECD) from enclosed areas. Adipose tissue samples from two patients with no risk factors and two CAD patients were analyzed ([Fig. 4](#g004){ref-type="fig"} Fig. 4Histograms and statistics of the sizes (area-equivalent circular diameters) of adipocytes from (a), (b) two patients with no cardiovascular risk factors and (c), (d) three CAD patients. (a), (c) show size histograms of epicardial adipocytes obtained from the surface of right ventricle (RV) and N represents the number of adipocytes analyzed. Box charts (b), (d) illustrate the average (square), median (line in box), variance (box), and ranges of adipocyte sizes measured at different locations within a sample and at different fat tissues in a patient. Adipose tissues were obtained from the surface of right ventricle (RV), subcutaneous tissue of chest wall (Chest), and mediastinal fat (Medi).). For each case, depending on the quality of samples, the number of adipocytes analyzed was between 270 and 360.

Two patients with no cardiovascular risk factors were treated as control. To evaluate the regional variation of adipocyte sizes, we took adipose tissues from the surface of right ventricle (RV), chest wall, and mediastinum. In each tissue, we chose two to three different locations to acquire THG sectioning images. For RV epicardial adipocytes, their sizes fell within the range of 40-120 μm \[[Fig. 4(a)](#g004){ref-type="fig"}\]. In the case of first patient \[first row in [Fig. 4(b)](#g004){ref-type="fig"}\], the average AECD of RV adipocytes was 73 µm. The standard deviation of sizes was 11µm. The number percentage of small-sized adipocytes (AECD \< 40 μm) was 2.3%. The relative size variations, which are defined by standard deviation of AECD over average AECD, were 13%, 14%, and 20% at three different locations. The average AECD of RV adipocytes in the other no-risk-factor patient was greater (\~86 µm) with a standard deviation of 17 µm \[second row in [Fig. 4(b)](#g004){ref-type="fig"}\]. The number percentage of small-sized adipocyte was 2%. Their size variations were 18%, 18%, and 20% at three different locations. For non-epicardial adipocytes \[[Fig. 4(b)](#g004){ref-type="fig"}, Chest and Medi\], the average sizes didn't deviate too much from those of RV, with a slightly greater size variations (20-28%).

For two CAD patients without diabetes, a certain amount of small-sized epicardial adipocytes were observed in THG images \[[Fig. 3(b)](#g003){ref-type="fig"}\]. Their population percentages were raised to 3-7%. Compared with no-risk-factor patients, CAD patients had a broader range of size distribution (20-140 μm) \[[Fig. 4(c)](#g004){ref-type="fig"}\]. Their standard deviations of size ranged from 20 µm to 29 µm and the relative size variations were 22-33% \[[Fig. 4(d)](#g004){ref-type="fig"}, RV\]. These size variation parameters were obviously greater than those of epicardial adipocytes in no-risk-factor patients \[[Fig. 5(a)](#g005){ref-type="fig"} Fig. 5Statistical results on (a) area-equivalent circular diameter, (b) perimeter, (c) compression ratio, and (d) eccentricity of RV epicardial adipocytes obtained from no-risk-factor (black) and CAD (red) patients.\]. For all CAD patients, the size standard deviations of adipocytes from chest wall were similar to those from RV. There was a similar trend for the perimeter of adipocytes. Patients with CAD had larger standard deviations of perimeters than patients with no cardiovascular risk factors \[[Fig. 5(b)](#g005){ref-type="fig"}\].

Using perimeter *s* and area *A*, we generated another parameter called compression ratio *R*,
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to represent the extent that the adipocytes were compressed. If the adipocyte is of circular shape, this parameter will be 1. In RV epicardial adipose tissues, most of the adipocytes were not severely deformed and their compression ratios were mainly between 0.9 and 1 \[[Fig. 5(c)](#g005){ref-type="fig"}\].

Using the elongated length *a* (along long-axis) and the width *b* of elliptical adipocytes, we also analyzed the eccentricity *e* of adipocytes as
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For a circle, eccentricity is zero. For an extremely compressed ellipse, the eccentricity will approach 1. This parameter is more sensitive to reflect minute deformation of adipocytes. Again, results showed no significant differences \[[Fig. 5(d)](#g005){ref-type="fig"}\]. Most of them fell within the range of 0.3 to 0.7 and had mean eccentricities around 0.5.

4. Discussion and conclusion {#sec1-4}
============================

The preponderance of enlarged visceral adipocytes in obese people has been regarded as a risk factor for future cardiovascular diseases. Using THG tomography on epicardial adipose tissues, we investigated the geometrical properties of adipocytes without fixation or labeling. Intriguingly, we found that not only enlarged, but also a certain amount of small-sized adipocytes existed in epicardial adipose tissues of CAD patients. Recently, it has been shown that small-sized adipocytes had markedly increased pro-inflammatory activity as compared to larger adipocytes in epididymal fat pads of Zucker Obese rats \[[@r33],[@r34]\]. Given that inflammation is one of the fundamental mechanisms of atherogenesis, the identification of a certain amount of small-sized adipocytes in the peri-coronary epicardial adipose tissue might be of pathophysiological significance. However, the validity and clinical significance of this intriguing finding still require further investigation. In summary, these distinctive morphologic features of adipocytes in patients with different pathophysiological backgrounds have not been observed before with traditional histological methods, which might be caused by incomplete size information and loss in the process of preparation, fixation, and labeling. We found epicardial adipocytes in CAD patients have larger standard deviation of area-equivalent circular diameter, larger relative size variation, and higher population percentage of small-sized ones (AECD \< 40 μm) than those in no-risk-factor patients. Our results indicate that label-free THG tomography platform can be used to quickly explore the histopathological features of adipocytes in clinical scenarios based on its superior resolution for virtual optical biopsy.
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